Abstract-In this paper, we introduce a new full-duplex wireless communication system, named ReflectFX, that relies on backscatter modulation. This paper offers a new concept for two-way wireless communication: rather than avoiding selfinterference as in half-duplex, or combatting self-interference as in conventional full-duplex, nodes will re-use the received interfering radio-carrier waves to transfer information. The electromagnetic waves are modulated and reflected by the same antenna that receives them. We consider two nodes, a basestation and an end-user, that wish to exchange data over a wireless Rayleigh fading channel with additive white Gaussian noise. With ReflectFX, the end-user receives a self-interference free signal. We improve the transmission range of ReflectFX by adding negative resistance to the end-user load. We derive an expression for the overall achievable throughput and ergodic capacity of ReflectFX. Simulation results show that ReflectFX outperforms both conventional full-duplex and half-duplex.
currently derives from downstream TV and Internet video signals [1] , [2] .
B. The Opportune Moment for Full-Duplex Communication
One key limit to spectrum utilization efficiency involves the current practice of half-duplex communication, in which a node either transmits or receives a signal in a single channel usage. All currently deployed wireless networks require two separate channels to achieve bi-directionality. Frequency Division Duplex (FDD) and Time Division Duplex (TDD) are the two most commonly used techniques. This separation prevents self-interference which has frequently been seen as an insurmountable technical problem. Due to the popularity of small-cell wireless systems, recent works have provided experimental evidence and methodologies for full-duplex communication [82] . The self-interference can be effectively reduced by: 1) Physically separating the receiving antenna from the transmitting antenna, which decreases the interference power by propagation losses [4] - [8] , cross-polarization [9] - [11] , and/or antenna directionality [12] ; 2) Strategically placing the receiving and transmitting antennas, which splits the transmission signal among transmit antennas and strategically places them so that the self-interference signals add destructively at the receiving antennas [10] , [11] , [13] - [16] ; and 3) Estimating the self-interference and subtracting it from the received signal. Since the receiver knows the signal that is transmitting, it can extract its own message after correcting for the channel effect. This can either be performed on analog signals using signal inversion based on a balanced/unbalanced (Balun) transformer or RF chain [4] , [17] - [19] , and/or on digital signals [5] , [20] - [22] .
However, to date, all full-duplex demonstrations have been predicated on the principle that the transmitter and the receiver must generate their own radio-carrier waves independently. In practice, this approach results in a high level of selfinterference at both nodes, as illustrated in Fig. 1(a) . Contrary to previous full-duplex systems, within the framework of our concept the end-user receives a signal free of self-interference. Only the base-station receiver suffers from self-interference. At the base station we do not have severe space limitation so we can place the transmit and receiver antennas far apart or design them so that they have less coupling with each other.
C. Backscatter Modulation (BM) for Power-Efficient Communication
The history of BM can be traced to Stockman's foundational paper published in 1948 [23] . Stockman proposed a point-0090-6778 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. to-point communication, with the carrier power generated at the receiving end and the transmitter replaced by a modulated reflector.
BM is based on the reflection of electromagnetic waves. BM takes advantage of the presence of reflection coefficient variations at the interface between the transmit antenna and the receiver input load. By varying the load, Z 1 or Z 2 , the reflection coefficient changes as illustrated in Fig. 1(b) . This setup is capable of modulating data upon the original waveform, which can be received and decoded. The most prominent application of this technology is radio frequency identification (RFID). As can be seen in [24] - [31] , RFID tags are used as keys to open electronic locks, as a means of storing personal information in both credit cards and passports as well as tracking strategies in the shipping industry. BM is also implemented in a number of other areas, such as wireless sensor networks [32] - [36] . With BM, the power limitations normally associated with traditional wireless sensor systems can be circumvented [32] , [37] , [38] . Experimental evidence shows that BM can reach up to 112 Mbps data-rate and use narrow-band, ultra-wideband or spread-spectrum signals [31] , [39] - [43] . This leads to relatively low-complexity, lowpower, and low-cost communication terminals.
Despite these benefits, BM has not, to date, been seriously considered in two-way communication. In this respect, BM-based approaches have been prevented by one primary but relevant drawback: they are essentially restricted to shortrange communications. This potentially serious challenge has two facets: first, the end-user does not generate its own radio wave; and second, most of the research studies related to BM have added additional power constraints, e.g., many systems rely on the assumption that nodes are passive (battery-less) [29] , [30] , [36] , [44] .
In contrast to the approach of the previously cited authors, we did not use BM to take advantage of its low-power requirements. Instead, we employed BM to allow the transmission of two-way flows of data over the same carrier at the same time. We therefore can significantly increase the range of BM by using negative resistance at the end-user transceiver. Furthermore, since the main objective of this paper is to increase the spectrum efficiency, many of the proposed RFID modulations to achieve two-way communication are not relevant to our work. Here, we propose a modulation based on analog network coding that achieves in-band full-duplex, where the two flows of data simultaneously occupy the same bandwidth. 1 This paper is an extension of our prior work on full-duplex communication in [46] and [47] . To our best knowledge, we were the first to show that it is beneficial to use BM for inband full-duplex communication. Recently, the authors of [48] used a similar approach for passive sensing. In this paper, the communication system introduced in [46] and [47] will be further analyzed and optimized with more accurate antennascattering models. The differences between our research and prior works are the following: 1) our full-duplex framework is based upon a backscatter modulation approach (ReflectFX); 2) the data can flow in two directions using analog network coding; 3) we accurately modeled and optimized BM to provide sufficient power for the demodulator while exhibiting maximum difference in the backscattered field; 4) we used negative resistances to improve the transmission range; 5) we derived achievable throughput and ergodic capacity expressions using constellation-constrained capacity expression; and 6) we compared the throughput and ergodic capacity of halfduplex, conventional full-duplex, and ReflectFX.
II. PRELIMINARIES -ANTENNA SCATTERING
Since antenna scattering is of interest to both the wirelesscommunication community -which is primarily concerned with antennas -and to the Radar and RFID communitywhich is primarily concerned with scattering -two different terminologies have arisen from both groups of investigators. These two terminologies make it difficult to correlate results from the two groups. This is evidenced by several articles and comments that have appeared recently concerning the question of how much power is scattered and absorbed by a receiving antenna [49] - [56] . We will therefore provide a concise review of the antenna-scattering theory before introducing a general framework that allows transmission of two-way flows of data over the same carrier at the same time based on BM.
A. General Theory of Antenna Scattering
An antenna illuminated by an incoming wave scatters electromagnetic (EM) energy as a result of current induced by the incident field [57] . In particular, the EM field scattered by an antenna is given by a relatively simple expression. For a given antenna in free space, the scattered electric field E scat (r, θ, φ|Z ), when the antenna is loaded with impedance Z , at a particular point in space (r, θ, φ) can be expressed as
where E scat (r, θ, φ|Z * ant ) is the same field when the antenna is conjugate-matched (Z = Z * ant ), Z ant is the antenna impedance,
ant ) is the current flowing in the antenna when conjugatematched, and E r (r, θ, φ) is the electric field generated by the antenna as a radiator when excited by a unit current source. (1) is an old and fundamental result in antenna scattering [58] - [61] . It can be proven by using the compensation and superposition theorems of circuit theory [58] . An examination of (1) shows that the first term, called structure scattering is independent of the load Z . The second term, called the antenna mode component of the scattering field, is load-dependent and vanishes when the antenna is conjugate-matched as the reflection coefficient becomes zero, (Z * ant ) = 0. (1) may be rewritten as
where
Note that A st equals 1 for the special case of minimum scattering antennas (such as thin dipoles), but in general, A st = 1.
B. Thevenin Equivalent Circuit -Only for Receiving Antenna
To evaluate the power delivered to the receiver, we made use of the Thevenin equivalent model, as depicted in Fig. 2 . The variable Z mod represents the modulation circuit and is controlled by the end-used micro-controller. The input impedance of all of the end-user's IC components, except the modulator circuit, is modeled by Z * ant . Contrary to the prevailing wisdom, the Thevenin equivalent circuit can only be used to describe the current at the load and cannot be relied upon for calculating the scattered power [51] , [54] - [56] , [62] . In other words, we cannot rely on this circuit model to calculate the scattered electromagnetic field. Therefore, in contrast to common practice [48] , [63] , we used (2) rather than the Thevenin circuit model to evaluate more accurately the transmitted backscatter power as a function of the load Z mod .
III. FRAMEWORK FOR FULL-DUPLEX COMMUNICATION WITH BACKSCATTER MODULATION
In this section, we address how the base-station and end-user exchange messages at the same time and over the same frequency band using ReflectFX. For simplicity, we intentionally ignore some details that are not needed to understand the basic conceptual idea proposed in this work, e.g., error correction coding, up conversion, and down conversion. We also assume that the base-station has one transmitting and one receiving antenna, while the end-user has only one antenna.
A. Channel Model for ReflectFX Communication
We consider two nodes that intended to exchange data over a wireless channel as depicted in Fig. 3 . This model system, in which an end-user m wishes to exchange messages with a central node, or base station B, is a model that captures the behavior of current and future cellular networks. The enduser m has an independent message w m,B destined for basestation B, and the base-station has an independent message w B,m destined for end-user m. We consider that the basestation and each end-user transmit and receive simultaneously using exactly the same frequency band. We assume that the channel outputs are linear combinations of the transmitted signals scaled by random channel gains plus independent additive white Gaussian noise. The Rayleigh fading channels are named h B→m (base-station to end-user), h m→B (end-user to base-station), and h B→B (base-station transmitter to basestation receiver).
B. Forward Link -Self-Interference Free
The base-station transmitter carries out a digital-to-analog conversion (DAC) and sends the resulting symbol sequence to the transmission radio. In Fig. 3 , signal x B (i, s) denotes the i -th symbol transmitted from the base-station during packet s. A packet consists of T consecutive transmitted symbols. We define
is the transmitted constellation symbol normalized to unit energy and E(s) denotes the average symbol energy during packet s. The received symbol at the end-user (i -th symbol of packet s) is
is the average power attenuation from the base-station transmitter to the end-user receiver, 2 λ is the wave length, d is the distance between base-station antenna and end-user antenna, G Bt and G m are base-station transmitter and end-user antenna gains, p Bm accounts for a polarization mismatch at the enduser antenna, n m (i, s) is the AWGN noise at end-user, and
Note that the received symbol y m (i, s) varies with the receiver load Z i,s at the i -th symbol of packet s. Since the load is changing with the data, the receiving antenna cannot be conjugate-matched to the load; hence, the received power may be diminished when compared with conventional communication (see Fig. 2 ). Therefore, we used negative resistance in the load to increase the received power.
Contrary to most of the current full-duplex wireless networks [4] - [7] , [12] , [13] , [17] , [64] , [65] that are predicated on the principle that the base-station and the end-user must generate their own radio-carrier waves independently and hence both have to deal with very high self-interference, in this work the end-user will receive a self-interference-free signal. Therefore, the base-station to end-user link is similar to the conventional half-duplex transmission. The end-user can extract its own message using conventional reception radio and analog-to-digital conversion (ADC). This will guarantee a very high data-rate toward the end-user and efficiently accommodate high-downlink traffic.
C. Backscatter Link
When the end-user antenna is illuminated by the EM field corresponding to the physical properties and impedance loading of the end-user antenna, a portion of the impinging EM wave will be backscattered from the end-user. By choosing from a set of impedance loadings, the end-user can map a sequence of digital symbols onto the backscattered waveforms. In this framework, we consider PSK modulation, so the backscattered signal becomes a network-coded combination of the messages sent by the end-user and the base-station.
For instance, if we use M-PSK modulation at both the base-station and the end-user then we set
and represent the M symbols -at the enduser -on a circle of radius
where l and n ∈ {1, . . . , M} and M is the modulation constellation size. The backscattered signal
becomes an analog network-coded combination of the messages sent by the base-station and the end-user (modulated by Z i,s ), and t accounts for the propagation delay between the base-station and the end-user. Recently, many researchers [40] , [63] , [66] have demonstrated the feasibility of building backscatter systems that support higher-order constellations. This opens up the possibility of coded modulation and other advanced modulation and coding combinations [67] . Because of leakage from the base-station transmitting antenna, the signal received at the base-station receiver is given by
where At the first stage, since the base-station "knows" the strong self-interference signal it is sending x B (i, s), it can extract the backscattered signal after correcting for channel effects. The base station is left with the backscattered signal x m (i, s) that is a function of the messages sent by both the end-user and the base-station. Then at the second stage, knowing the message that was initially sent, the base-station can extract its own message after removing the structure-dependent term of x m (i, s).
D. Practical Consideration for ReflectFX
Based on the proposed ReflectFX framework, the end-user sends a sequence of symbols onto the backscattered waveforms by switching the impedance loads. An efficient fast-switch can be implemented using a switched pulse-injected oscillator [3] . Note that this framework does not require the end-user and the base-station to transmit at the same data-rate. We can modify the end-user data-rate by reducing the impedance load change (i.e., factor of the symbol rate), changing the end-user modulation constellation size, and/or changing the channel encoder rate. In this paper, we assume a perfect symbol-level synchronization. In ReflectFX, the synchronization can be achieved using pilot-aided synchronization and/or global time synchronization. The channel estimation techniques used in half-duplex systems can be also employed in ReflectFX.
The impact of external interference may be significant. On one hand, the impact of the external interference on the ReflectFX downlink is identical to the half-duplex case. This link is more robust to external interference than conventional full-duplex systems. On the other hand, the external interference may have a combined impact on the ReflectFX uplink. The external interference effects on the downlink can propagate to the uplink because of the backscatter modulation.
IV. REFLECTFX LOAD OPTIMIZATION: NEGATIVE RESISTANCE
The ReflectFX setting is different from the conventional setting in which a total power is imposed on the two nodes. Indeed, the end-user has no radio power available for transmission besides the received radio power. This guarantees no self-interference at the end-user, but it limits the backscatter link range. In addition, since the load is allowed to change, the receiving antenna is not conjugate-matched to that of the load. The performance of ReflectFX is mainly determined by how we manage the self-interference at the base-station and how we optimize the power between demodulation and modulation at the end-user. A modulation-impedance design should provide sufficient power for the end-user demodulator while exhibiting maximal difference in the backscattered field, i.e., maximum distance between BM constellation points. To analyze these tradeoffs, we combined scattering theory with the Thevenin equivalent model to express the received as well as the backscattered powers at the end-user as a function of the modulation load Z mod . Next, we added negative resistance to the end-user load to improve the transmission range. Then, we derived our optimization method which we evaluated numerically. Finally, we proposed a negative-resistance circuit implementation.
A. Received Power at the End-User
To evaluate the received power at the end-user, we made use of the Thevenin equivalent model, as depicted in Fig.  2 . The variable Z mod represents the modulation circuit and is controlled by the end-user micro-controller. The input impedance of all of the end-user's IC components, except the modulator circuit, is modeled by Z * ant . The power delivered to Z * ant is the power available for the demodulation at the end-user. As stated earlier, an optimum modulation-impedance design is needed to establish ReflectFX communication. We assume Z mod = β n Z ant , where β n ∈ C, n ∈ {1, 2, . . . , M} and M is the modulation constellation size. Under this model, the power available to the end-user demodulation is
The average available power for the downlink is then
B. Backscatter Transmission
We assume M-PSK modulation at the base-station and at the end-user, so that the backscattered signal -a network-coded combination of the messages sent by the end-user and the basestation -can be decoded by the base-station. In this case, the antenna load
varies with the end-user data. We represent the M-PSK modulation constellation as M symbols on a circle of radius √ E centered at c st ∈ C, i.e
C. Load Optimization -Negative Resistance
Most of the current RFID systems restrict the modulation impedance Z mod to non-negative resistive i.e., Re(Z mod ) ≥ 0. In this paper, we propose the usage of negative resistance to increase the backscatter power. Our approach was predicated on the fact that to increase the reflection coefficient
ant should have a small positive value, while the imaginary part should be kept different from zero in order to reduce any undesired self-oscillations [57] . The implementation of negative resistance is discussed in the following section. We propose here an optimum ReflectFX modulation-impedance design that captures the tradeoffs between received and backscatter power. On one hand, to improve the performance of the uplink, we need to maximize the distance between the constellation points of the backscatter modulation by increasing E subject to Re(Z mod ) = Re(β n Z ant ) ≥ R N , where R N is the minimum negative resistance we can implement. On the other hand, to guarantee no loss in the downlink data-rate the P avg has to be at least equal to P match . 3 More specifically, our modulation-load optimization problem seeks to
and where we derived (9) by combining (7) and (5) and using the definition of θ n = (n − 1)π/M. We have optimized the modulation-impedance design through an exhaustive search.
D. Negative Resistance Implementation
Negative resistance is a characteristic of a device whereby the current flowing through the device is the opposite of the applied voltage or the voltage forming on the device is the opposite of the given current [68] . The literature proposed two types of approaches to implement negative resistances [69] . Some elements (e.g., p-n-p-n transistor, point-contact transistor, tetrode vacuum tube, and tunnel diode) have an inherent negative-resistance region -they form a class. The other class contains all the networks in which one or more active elements are used with some passive elements to maintain a predetermined function of current and voltage [69] - [71] . Transistor and tunnel diode-based negative resistance have been widely used because of their low cost and low DC power consumptions [72] , [73] . In this section, we propose one possible implementation of negative resistance using a transistor for the 2.45 GHz carrier frequency. A two-port network model of a transistor, with a common source configuration, shows a negative resistance if the feedback Z f and the proper impedance load Z L are added to its configuration, as illustrated in Fig. 4(a) . The desired value of the negative resistance can be achieved by changing the DC voltage bias and tuning Z L and Z f impedance values. We designed the proposed circuit using the Advance Design System (ADS). The simulation results are shown in Fig. 4(b) . We used the GaAs Hetero Junction FET (HJ-FET) transistor with the part number NE350M04 from the Renesas company. The DC voltage bias is V dc = 0.85 V with parameter values of Z L = 2.89 − j 319, Z f = 181 + j 52.
V. REFLECTFX PERFORMANCE ANALYSIS
In this section, we derive the ergodic capacity and throughput expressions for ReflectFX. Since ReflectFX utilizes load-change to modulate the signal, the input messages are constrained to a discrete and finite set. Hence, we use the constellation-constrained capacity expression for channel with a finite alphabet input. In addition, we account for the effect of self-interference at the base-station receiver. Our analysis is valid under the following idealized assumptions: 1) An infinite number of packets are available for each node; 2) the ACK/NACK feedback channel is delay-free and error-free; 3) wireless channels are frequency non-selective Rayleigh; 4) channel states remain static within the duration of a packet transmission, but become independent across transmissions (i.e., block fading); and 5) residual self-interference is a Rayleigh random variable.
A. Signal-to-Interference-Plus-Noise Ratio (SINR) -Distribution 1) Forward Link:
The Signal-to-Noise Ratio (SNR) at the end-user receiver at the s-th transmission/packet is
where here ξ B→m = (λ/4πd) 2 G Bt G m is the power loss from the base-station transmitter to the end-user and N 0 is the variance of the Gaussian noise. We consider no polarization mismatch between the base-station transmit antenna and the end-user antenna ( p Bm = 1). The load-optimization, described in Section IV, guarantees that the average received power is at least equal to the P match -i.e.,
For tractability, we assume here that the received power for all the loads to be equal to the minimum P match . We consider that the time-varying channel gain is a wide-sense-stationary narrowband complex Gaussian process [74] . Hence the SNR m (s) has an exponential distribution with mean (Eξ B→m /N 0 ), and its Probability Density Function (PDF) and Cumulative Distribution Function (CDF) equal the following:
2) Backscatter Link: For the backscatter link, we account for the effect of self interference on the base-station receiver. The literature on the wireless interference cancellation is vast. Researchers [6] , [9] , [15] , [21] , [75] have studied the impact of different self-interference cancellation mechanisms on the performance of full-duplex wireless communication systems,
Eξ m→B E opt dy (13) showing that when different interference-suppression mechanisms (passive, analog, and digital) are suitably combined, the average self-interference cancellation can reach up to 100 dB. The received SINR at the base-station at the s-th transmission/packet is
here ξ m→B = (λ/4πd) 4 G Bt G Br G 2 m is the power loss from the two-way base-station to the end-user, and end-user to base-station, E opt is optimized in Section IV. We assume no mismatch polarization between the end-user antenna and the base-station receiver antenna ( p m B = p Bm = 1). We also consider the base-station receiver is conjugate-matched to the antenna. ξ B→B = (λ/4πd B→B ) 2 G BT G B R is the interference power loss from the base-station transmitter to the base-station receiver. The random variableh B→B (s) represents the residual self-interference at the base-station receiver. We assume a completely symmetric base-to-mobile and mobile-to-base radio propagation channel. Hence, the time-varying channel gain on a backscatter modulation link can be modeled by a product of two independent, identically-distributed, wide-sense-stationary narrow-band complex Gaussian processes [76] . The CDF and PDF of the S I N R B (s) are derived in (13) , as shown at the top of this page, where we used the PDF and CDF of the product of two independent exponentially distributed variables [77] ,K 1 andK o are the modified Bessel function of the second kind of order 1 and 0, respectively, and σ 2 I C is the mean of the exponentially distributed residual self-interference |h B→B (s)| 2 .
B. Derivation of Throughput
To obtain the throughput we first needed an expression for average rate per transmission. This depended on the probability of outage, i.e., that the target rate we are transmitting at, R, is above what the channel may support. We defined the event A u s := {C u s > R} = {SINR u (s) > SNR 0 }, where C u s is the capacity of the channel after the s-th transmission/packet to node u, and u is either m for end-user or B for basestation. The SNR 0 is the required received SINR to achieve R, which is calculated based on the constrained-constellation capacity equation. We consider that the receivers employ the re-transmissions using an Automatic Repeat-reQuest (ARQ). We assume here the simplest "basic ARQ" used in the ALOHA protocol (ALO); if the packet is not decoded, then the transmitter sends the same packet and the receiver discards the erroneous packets. We state the probability p u (l) that the random sequence SINR u (1), SINR u (2) , . . . , SINR u (l) of SINR at the user u decoder did not cross the level SINR 0 at the l-th step,
We now derive the probability of outage for forward link as follows:
Similarly for the backscatter link, we derive the probability of outage:
Under the assumption that all nodes always have packets to send and the feedback is delay-free and error-free, the event that the transmitter stops transmitting the current packet is recognized as recurrent event. Based on the renewal-reward theorem, we define the throughput as [78] , [79] 
where assuming maximum N transmissions, 4 R u is the expected rate in bits/Hz/s, T u is the expected number of transmissions per packet and p u (0) = 1.
C. Ergodic Constellation-Constrained Capacity
The constrained capacity for finite-size quadrature amplitude modulation (QAM) constellations is derived in [80] as a function of the average signal-to-noise ratio (SNR), for M equiprobable symbols, as 5
where s j is the complex value of input symbol j , 2 (y, s j ) = |y − s j √ SNRN 0 | 2 and |.| 2 denotes the squared Euclidean distance. The summation is of all the elements of the discrete input alphabet. The integration is over all possible values of the received signal. The ergodic constellation-constrained capacity is by definition [81] 
where f C (x) is the PDF of the constellation-constrained capacity. To make our analysis tractable, we used the piece wise linear (PWL) curve fitting of the constrained capacity. The long approximatively linear sections and large radii of the curvature of the constellation-constrained capacity function in (17) made it a good candidate for PWL curve fitting [81] . Using this approximation, (17) can be written as
where the variables m k and b k are the slope and intercept coefficients for section k of the PWL fit. The coefficients are derived numerically for each modulation (see [82, Table I] ). Using PWL, the ergodic constellation-constrained capacity in (18) thus became (20) where c 0 = 0, c K −1 = c max = log 2 (M), K is the number of segments in the PWL fit, and SNR max is an approximation of the SNR needed to reach c max .
accounts for the probability that the received SNR exceeds SNR max , which is required to achieve c max . Since C(SNR) is a monotonic function of SNR, the PDF f C (x) of the constellation-constrained capacity can be approximated for
1) Forward Link:
At the end-user, the SNR m (s) has an exponential distribution with the mean (Eξ B→m /N 0 ). Finally, we derived the ergodic constellation-constrained capacity at the end-user by replacing the PDF and CDF of (11) in (21) 5 This expression is applicable to any QAM or PSK modulation type.
and (20) to get
2) Backscatter Link: Similarly to the previous section, we again derive the ergodic constellation-constrained capacity at the base-station by replacing the PDF and the CDF of (13) in (21) and (20) to get
VI. PERFORMANCE COMPARISON AND TRADEOFFS
In this section, we numerically evaluate the throughput and the ergodic capacity obtained in the previous section.
A. Transmit Power Normalization
For a fair comparison between ReflectFX, conventional fullduplex and half-duplex systems, the total energy transmitted by the ReflectFX base-station must be the same as the total energy transmitted by the two half-duplex or the full-duplex nodes because the ReflectFX end-user does not generate its own radio wave. Since the energy is power times time then the power allocated for each half-duplex node is identical to the power allocated to the ReflectFX base-station. Analogously, when comparing the half-duplex and conventional full-duplex systems, the power allocated to the full-duplex node is half the power allocated to the half-duplex node [4] .
B. Modulation-Impedance Design
To guarantee that the ReflectFX downlink data-rate equal the half-duplex data-rate, the modulation-impedances are designed to meet the downlink requirement of P avg ≥ P match while also being feasible to implement. To solve for optimum E , named E opt , in (9), we exhaustively searched over all possible {c st , ψ}. Table I displays the optimal impedances and the optimal E opt for QPSK modulation. Our simulation results show that with negative resistance of −22.5, −24.5, −24.95 Ohm, we obtained a backscatter power gain of 8 dB, 22 dB, and 42 dB, respectively. Note that the transmitted power at the end-user varies with the transmitted power from the base-station, the distance between the base-station and the enduser, and the backscatter gain at the end-user. For instance, if the base-station transmit power is set to 15 dBm, the distance between the base-station and end-user node is d = 10 m, the wavelength is λ = 0.12 m (i.e., the path loss is −60 dB), the antenna gains are 0 dB, and the backscatter gain is 42 dB (124 2 ), then the power transmitted at the end-user is −3 dBm.
C. Throughput and Ergodic Capacity
We set the target rate at R = 2 bits/Hz/s, this requires SNR 0 = 20 (13 dB) for the QPSK constellation. We assume λ = 0.12 m, d B→B = 1 m, G BT = G B R = G m = 1.6 (dipole antenna), and the maximum number of re-transmissions N = 3. We also set the path-loss exponent to 2, the polarization mismatch between antennas to 1, and A st = 1. For simplicity, we grouped the self-interference cancellation techniques into two classes: 1) passive cancellation; and 2) analog-and-digital cancellation. Our first assumption is that both the mobile and the base-station are using the same analogand-digital self-interference cancellation technique denoted by σ 2 I C (e.g., −30, −40 and −50 dB). Combining the analog-anddigital cancellation with the passive cancellation, generated by the propagation loss between the transmitting and receiving antennas, the total self-interference cancellation values are 70, 80 and 90 dB at the base-station. In the case of the conventional full-duplex, we assumed the distance between the transmitting and the receiving antennas at the end-user to be 0.1 m. The total self-interference cancellation values are hence 50, 60 and 70 dB at the end-user.
D. ReflectFX Versus Half-Duplex
We first compared the throughput of the ReflectFX and half-duplex systems as a function of the distance separating the end-user from the base-station. We set the maximum transmit power to 15 dBm and the noise level to −174 dBm. Fig. 5 shows the throughput for different values of E opt and σ 2 I C . Note that the throughput of ReflectFX is the sum of the downlink throughput that is equal to the half-duplex throughput and backscatter link throughput. Consequently, it is always higher than the throughput of half-duplex systems. The backscatter link throughput itself could be calculated by subtracting the ReflectFX throughput from the half-duplex throughput. In the high SNR regime (i.e., small distance d) the half-duplex outage probability is very small and, therefore, its throughput reaches the maximum value of 2 bits/Hz/s. Using the negative values of the impedance load, allows the Fig. 7 . The throughput and ergodic capacity versus the distance separating the base-station from the end-user (E opt = 124 2 and low power).
ReflectFX systems to double the throughput. Fig. 6 shows the ergodic capacity for QPSK input constellation. Similar to the throughput results, ReflectFX always outperforms the half-duplex system. The gain provided by ReflectFX compared to the half-duplex increases with the self-interference cancellation and the backscatter gain, as expected. In Fig. 7 , we reduced the transmit power to −15 dBm and set the noise level to the practical level of −90 dBm. Note that in the low SNR regime (i.e., large distance d), the end-user does not receive enough power to transmit back to the base-station, and so ReflectFX performs as well as the half-duplex. 
E. ReflectFX Versus Conventional Full-Duplex
As expected, the performance of the conventional fullduplex depends largely on the amount of self-interference cancellation. In the high SNR regime (i.e., small distance d) the ergodic capacity and throughput of ReflectFX are higher than the conventional full-duplex. The gain provided by ReflectFX compared to the full-duplex increases with backscatter gain. In the low SNR regime (i.e., large distance d), ReflectFX performs as well as half-duplex but better than the conventional full-duplex with the worst performance because both nodes suffer from self-interference. The conventional full-duplex outperforms ReflectFX when the amount of self-interference cancellation at the end-user is high and the backscatter gain is low.
To further analyze the impact of the self-interference cancellation at the end-user on the competitiveness of ReflectFX, we plot the throughput and ergodic capacity versus the total self-interference cancellation at the end-user node. Here we set the maximum transmit power to 15 dBm and the noise level to −174 dBm. In Fig. 8 , we analyzed the impact of not having the same analog-and-digital self-interference cancellation at the mobile and the base-station. We fixed the analog-and-digital self-interference cancellation at the base-station to 50 dB, generating a total self-interference cancellation of 90 dB at the base-station. We set the distance between the end-user and base-station to d = 10 m. We varied the level of the analog-and-digital interference cancellation at the mobile from 20 to 70 dB, generating 40 to 90 dB total self-interference cancellation. As shown in Fig. 8 , the conventional full-duplex performance greatly depends on the value of the end-user interference cancellation. Fig. 8 illustrates that ReflectFx outperforms conventional full-duplex in the case where the end-user cannot achieve a high self-interference cancellation because of space or processing limitations. Indeed, conventional fullduplex outperforms ReflectFX when the analog-and-digital cancellation techniques implemented at the mobile are better than those implemented at the base-station.
VII. CONCLUSION
In this paper, we proposed an in-band full-duplex wireless communication system that uses reflected power, named ReflectFX. Our concept is based on backscatter modulation, where electromagnetic waves are modulated and reflected by the same antenna that receives them. We considered two nodes, a base-station and an end-user, that intended to exchange data over a wireless Rayleigh fading channel with additive white Gaussian noise. We derived an optimum and accurate design that provides sufficient power for the end-user demodulator while exhibiting maximal difference in the backscattered field. Throughput and ergodic capacity expressions were derived and numerically evaluated. The simulation results allowed us to conclude that there are potentially significant benefits to be gained from including ReflectFX in indoor communication systems. Seiran Khaledian received the B.S. degree in electrical engineering from the Khaje Nasir University of Technology in 2010, and the M.S degree in microwave engineering from Tarbiat Modares University, Tehran, Iran, in 2013. She is currently pursuing the Ph.D. degree with the University of Illinois at Chicago. Her research interests are in the realization of 5G wireless communication systems, including full-duplex communication systems, analog self-interference cancellation techniques, reconfigurable antenna, and RF/microwave components.
